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Abstract   In recent decades, various non-wettable surfaces have been proposed to promote dropwise 
condensation, featuring much higher heat transfer rates than traditional filmwise condensation. Lubricant-
infused surfaces (LIS or SPLIPS) can promote stable dropwise condensation and improve heat transfer rates 
due to a low nucleation energy barrier and high droplet mobility, leading to high sweeping and re-nucleation 
rates. However, the nucleation dynamics on lubricant-infused surfaces are considerably less studied and the 
interplay between the lubricant film and nucleation has been a matter of intense debate. In this work, we 
conduct water vapor condensation experiments on LIS infused with Krytox oil of varying viscosity within 
a custom-design chamber with controllable vapor temperature at atmospheric pressure. Using high-speed 
optical and infrared imaging and optical microscopy, we show that nucleation predominantly occurs in the 
oil-poor regions where the oil-vapor interfacial temperature is lower than in oil-rich regions. This small 
temperature difference causes an order magnitude lower free-energy nucleation barrier, leading to enhanced 
nucleation. The relative area ratio of oil-poor regions to total surface area, i.e., preferred area for nucleation, 
can be tailored between 11% and 19% by changing the lubricant viscosity from 1627 to 73 cP. We 
statistically analyze the influence of lubricant viscosity on the new emerging droplets on LIS at a broad 
range of vapor supersaturation ratios. The results show that the nucleation rate density dramatically 
increases with vapor supersaturation. More importantly, a strong dependence of nucleation rate density on 
lubricant viscosity exists in the whole range of supersaturation ratios, which means that higher heat transfer 
rates can potentially be achieved by lowering lubricant viscosity.  
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Introduction 
Achieving dropwise condensation is of continued interest and desirable in many industrial applications, 
such as water-harvesting [1], desalination [2,3], power generation [4], and thermal management [5], due to 
higher heat transfer performance and water collection rates. In recent decades, many efforts have been 
dedicated to creating various non-wettable engineered surfaces, e.g. superhydrophobic [6,7], hybrid [8], 
and lubricant-infused surfaces (LIS or SPLIPS) [9], to enable the formation of discrete condensate droplets 
and to enhance water shedding from the surface once condensed. Notably, LIS can promote stable dropwise 
condensation of water and low surface energy liquids [10,11]. As we have shown previously, condensed 
droplets can also robustly self-propel during condensation caused by the overlap of oil menisci surrounding 
water droplets, continuously refreshing nucleation sites on the surface [12]. The droplets can depart from 
substrates at relatively smaller critical diameter under gravity due to their extremely low contact angle 
hysteresis. At the same time, onset of heterogeneous water nucleation intrinsically occurs more easily on a 
soft or liquid surface than a solid one under the same conditions. Many researchers have shown through 
theoretical modeling that the energy barrier for heterogeneous nucleation on a fluid surface is lower than 
on a rigid surface based on a Gibbsian thermodynamic surface analysis [13,14]. Sokuler and co-workers 
experimentally investigated the nucleation and the growth of condensing water drops on soft poly(dimethyl 
siloxane) (PDMS) films with varying elasticity and viscosity. They found that nucleation is faster on a soft 
surface than on a hard one due to a reduced activation barrier for nucleation [15]. All of these benefits can 
potentially improve nucleation and thereby significantly enhance the heat transfer performance on LIS [16–
18], since microscopic condensate droplets (< 10 μm) account for approximately 75% of the total heat 
transfer during dropwise condensation [19].   
In spite of its importance, the exact mechanism for droplet nucleation on LIS remains elusive. On a solid 
surface, droplets are thought to nucleate primarily on topographical and chemical defects, such as cavities 
and hydrophilic sites [20,21], and grow by direct vapor diffusion and coalescence with other droplets. 
However, nucleation dynamics on LIS are fundamentally unique due to the existence of a layer of a 
molecularly smooth lubricant film between water vapor and the solid superhydrophobic surface. This layer 
of lubricant film potentially facilitates water nucleation. However, the preferred location for nucleation 
remains a matter of intense debate. Xiao et al. assumed that vapor diffuses through a thin layer of lubricant 
covering  hydrophilic sites of bi-philic pillars and nucleates at the lubricant-solid interface [16].  Anand et 
al. argued, based on theoretical considerations of vapor transport in liquids, that – while thermodynamically 
(i.e., at equilibrium) favorable – nucleation at the lubricant-solid interface is not likely due to the limited 
solubility of vapor in the lubricant. They proposed that droplets nucleate at the lubricant-vapor interface, 
and later move into the lubricant due to cloaking and capillary forces [22] and supported their hypothesis 
with cryogenic focused ion beam SEM (cryo-FIB-SEM) images. Using 3D laser scanning confocal 
microscopy, Kajiya et al. confirmed that droplets nucleate at the lubricant-vapor interface, preferentially at 
the edges of pillars, where the lubricant curvature decreases the energy barrier for nucleation. After 
subsequent coalescence, droplets migrate to the space between pillars and grow to the bottom of the 
lubricant layer [23]. In the process of condensation, the dynamic lubricant film will be pulled up and form 
menisci surrounding condensate droplets due to capillary forces. Our previous studies have shown that the 
thin lubricant film redistributes into oil-rich and oil-poor regions and continuously re-distributes [12]. The 
varying oil thickness is expected to potentially influence the spatial preference of nucleation due to varying 
thermal resistances in the oil-rich and oil-poor regions. Hence, fundamental questions pertaining to 
nucleation and growth of droplets on LIS with a layer of a dynamic liquid film need to be investigated. 
Macroscopically, the distribution of droplet sizes on LIS has been reported to be independent of lubricant 
viscosity [19], however, lower viscosity oil-infused smooth surfaces showed a higher condensation heat 
transfer coefficient than those with oil of higher viscosity [24]. We hypothesize that the lubricant viscosity 
and the associated droplet mobility influence droplet nucleation. The values of droplet density, that is, the 
first generation of nucleation density reported by most studies on dropwise condensation are likely not 
suited to accurately reflect long-term average nucleation and heat transfer during condensation. To better 
evaluate condensation and heat transfer rates, we propose that it is necessary to examine the transient 
(re-)nucleation density during longer time intervals, and introduce the concept of a nucleation rate density, 
which takes into account the area available for re-nucleation (i.e., a spatial component), and kinetics of 
nucleation (i.e., a temporal component). 
In this paper, in order to experimentally examine the interplay of lubricant dynamics and nucleation during 
condensation, we conducted water vapor condensation experiments in the presence of non-condensable 
gases on Krytox lubricant-infused surfaces in a custom-designed environmental chamber with controllable 
vapor and substrate temperatures at atmosphere pressure. The spatial distribution of preferential nucleation 
was investigated using high-speed imaging and optical microscopy. The area ratio of oil-poor regions, i.e. 
the favorable area for nucleation, to the total surface area on LIS was analyzed at different times during 
condensation. We also examined the dependence of the formation and area of oil-poor regions on lubricant 
viscosity. Finally, we conducted condensation experiments on LIS with different lubricant viscosities at a 
wide range of subcooling degrees (or supersaturation ratios). The average nucleation rate density (#/m2·s) 
in a complete condensation cycle is presented to demonstrate the overall nucleation and condensation 
process. We conducted a statistical analysis over many such cycles to elucidate the relationship between 
nucleation rate density, lubricant viscosity, and supersaturation. The temperature distribution of the oil-
vapor interface on LIS during condensation is characterized using infrared imaging to interpret nucleation 
on LIS. These findings will advance our understanding of the mechanism of droplet nucleation on LIS, and 
help inform the selection of a lubricant for LIS to achieve higher nucleation rate densities and condensation 
heat transfer rates.  
2 Materials and methods 
2.1 Preparation of lubricant-infused surfaces 
The substrate was obtained by cutting a plain microscope glass slide (Thermo Scientific) into pieces (25 
cm × 25 cm), then rinsed with acetone, isopropanol, and de-ionized (DI) water in sequence, and dried with 
compressed N2. Subsequently, the cleaned glass surface was sprayed with a layer of commercially available 
superhydrophobic agent (Glaco Mirror Coat, soft 99 Co.), and placed in the fume hood for one hour to 
ensure complete solvent evaporation. A layer of relatively uniform nanostructure was created, as shown in 
the inserted images of Figure 1. In this work, Krytox GPL oils were chosen as the infused liquid, featuring 
very different viscosities but similar surface tensions of γov = 17 ± 1 mN/m in vapor  and γdo = 53 mN/m in 
water  [25]. To obtain the lubricant-infused surface, the nanostructured surface was impregnated with 
Krytox oils via spin coating. Based on the spin coating model developed by Emslie [26], the film thickness 
scales as doil ~ (μ/tω2)1/2, where μ is the oil viscosity, t is the total rotating time of the sample, and ω is the 
angular velocity of the sample. Here, the thickness of the initial oil film was approximately 15 μm for the 
different viscosity oils by adjusting the revolutions per minute (RPM), as shown in Table 1. For a 
millimetric water droplet, the apparent contact angle on LIS is approximately 90°. Microscopically, Krytox 
GPL series oils cloak water, i.e., spread on the condensed water droplets and the superhydrophobic sample 
due to positive spreading coefficients [27–29]: Sdo(v) = γdv – γov – γdo > 0  and Sos(d) = γds – γos – γdo > 0, where 
γdv, γov, γdo, γos and γds denote the interfacial energies between water droplet-vapor, oil-vapor, water droplet-
oil, oil-solid and water droplet-solid, respectively.[30,31] For comparison, hydrophobic samples were also 
prepared by coating the cleaned glass with a layer of hexadecyltrimethoxysilane (HTMS) with a static 
contact angle around 95°.  
2.2 Water vapor condensation experiments  
We conducted water vapor condensation experiments on horizontally placed LIS with varying lubricant 
viscosity at a series of supersaturation ratios (SRs) in a custom-designed chamber. The supersaturation ratio 
is defined as:  
𝑆𝑅 =  ௉౬×ோு(%) ି ௉౬,౩౗౪
௉౬,౩౗౪
,                                                                   (1) 
where Pv and RH are the vapor partial pressure and relative humidity of bulk vapor in the chamber, and 
Pv,sat is the saturated vapor pressure at the substrate surface. As shown in Figure 1, a LIS sample was placed 
on a copper block inside the chamber. A cold plate connected to the copper block was maintained at a 
constant temperature (Ts ≈ 276 K) by the circulation of ice water. A flask containing DI-water was heated 
on a hot plate. Compressed nitrogen gas was supplied to the bottom of the flask at a flow rate of 12.5 liters 
per minute (LPM) and then hot water vapor mixed with N2 was guided into the chamber by insulated plastic 
tubes. The temperature and relative humidity (RH) in the chamber were monitored by an RH probe 
(PCMini52, MICHELL Instruments) with an accuracy of ±1K and 1% at RH = 20% - 90%, respectively. 
The nucleation dynamics were monitored under an upright DIY Cerna Microscope (Thorlabs) equipped 
with brightfield objectives (10×, 50×, 100× L Plan SLWD). Videos were obtained using a Photron 
FASTCAM Mini AX200 high-speed camera at 250 or higher frames per second (fps). 
Table 1 Physical properties and corresponding spin coating parameters  
Lubricant Viscosity [cP] 
Surface Tension 
γov [mN/m] [25] 
RPM Time [s] 
Krytox GPL102 73 17±1 600 120 
Krytox GPL 104 350 17±1 1160 120 
Krytox GPL106 1627 17±1 2700 120 
 
 
Figure. 1 Schematic of the experimental set-up. Scanning electron microscope (SEM) images show the 
nanostructured superhydrophobic prior to oil infusion. 
2.3 Image processing for identifying oil-poor regions  
To obtain the initial re-distribution and information on the area-ratio of oil-poor regions, we conducted 
experiments with low magnification (10×) at 250 fps. We then extracted one frame of the videos every 5 
seconds to perform a detailed image analysis. Image sequences were first processed by MATLAB to 
eliminate any unevenness of illumination and to improve image quality. Then, the corrected image 
sequences in grayscales were cropped into 500 × 500 pixels (0.86 mm2), as shown in Figure 2a. The gray 
value is inversely proportional to oil film thickness, as less light is absorbed and scattered by the thinner oil 
layer. Figure 2b shows the change of grayscale values along the cyan line in Figure 2a. The grayscale 
values between points B and C are uniformly high, corresponding to oil-poor regions. However, the value 
decreases between points B and A, since an oil meniscus with an exponential height profile surrounds the 
droplet. We define this region as oil-rich. By adjusting the threshold of the grayscale for each video 
separately to the value of point B in ImageJ, the image sequences are converted into binary images: black 
for oil-poor regions and white for oil-rich regions and droplets, as seen in Figure 2c. The bright spots in 
the center of droplets were removed by an image segmentation process. Finally, we used the particle 
analysis function in ImageJ to calculate the total area of black patches in each frame and relate it to the total 
area to obtain the ratio of oil-poor regions. This area fraction is calculated for a minimum of 17 different 
samples of the same lubricant and averaged so that the final values converge to a mean value and reduce 
error.  
 
Figure 2 (a) A grayscale image of condensation and oil re-distribution on LIS. The cyan color line spans oil-rich 
regions (point A) to oil-poor regions (point C). Point B marks the transition point between the two regions. (b) 
Grayscale values of the line A-B-C in (a). (c) The binary image after applying the grayscale threshold from point B to 
image (a). 
2.4 Statistical analysis of nucleation rate density 
New samples were used for each experiment with a certain combination of lubricant viscosity and SR, and 
every experiment was repeated at least three times. We recorded three sweeping cycles for each sample 
with a 50× objective lens and observed 5 – 7 locations in each sweep. At each location, one video was 
recorded with a duration of about 12 seconds. Three randomly selected one-second long segments were 
extracted from each video and the number of nucleation events were counted manually at every frame. The 
size of the region of interest was 900 × 950 pixels, that is, 0.117 mm2 for the 50× objective. Additional data 
point analysis was adopted when existing data showed a big deviation. Finally, we averaged the results 
from every data point within different sweeping cycles for each combination of lubricant viscosity and SR. 
It is extremely challenging to experimentally characterize the nucleation rate density, since the nucleation 
process originates at a molecular scale with cluster sizes of a few nanometers. Here, we counted the number 
of nucleated droplets once they became visible. The smallest detectable droplet is 1.85 ± 0.37 μm. Using 
the 100× objective lens, we were able to detect droplets with approximately 1 μm diameter and observed 
that droplets smaller than 2 μm rarely coalesce with neighboring droplets. Therefore, it is safe to use the 
50× objective to increase the field of view at the expense of resolution and approximate the number of the 
smallest microdroplets to be representative of the number of nucleating droplets. We also acknowledge that 
nucleation might be undercounted due to sweeping of big droplets on the surface before nucleation becomes 
visible with our method. However, this difference is nearly negligible for high viscous lubricants due to a 
lower mobility of droplets. To a certain extent, our results will underestimate the real nucleation rate density, 
however, are well suited to elucidate the general effect of lubricant viscosity on nucleation and condensation 
dynamics.   
3. Results and discussion 
3.1 Preferred areas for nucleation: oil-poor regions 
Due to limited vapor diffusion in an oil film as well as the low nucleation energy barrier of the lubricant-
air interface, water nucleation has been assumed to happen on the oil-vapor interface of LIS [13,27] as 
schematically shown in Figure 3a. Subsequently, the droplets move into the lubricant due to oil cloaking 
and capillary forces. Based on our previous study, however, the initial uniform layer of lubricant film 
redistributes after the first generation of nucleation and growth of water droplets, leading to the formation 
of oil-rich and oil-poor regions [12]. One question that naturally arises is whether the dynamic lubricant 
film affects the spatial preference of water nucleation. At the beginning of the condensation process, a first 
generation of spatially uniform nucleation will occur on the flat oil-vapor interface of a LIS. Then, the oil 
film starts to redistribute due to droplet growth and movement for the remainder of the condensation process. 
Oil-rich and oil-poor regions simultaneously occur and dynamically change. A detailed description of oil 
film re-distribution can be found in our previous work [12]. To investigate the interplay of nucleation and 
the dynamic oil film during condensation, here we conducted condensation experiments on LIS with Krytox 
GPL 104 in the custom-designed chamber in the presence of a non-condensable carrier gas N2. In the optical 
image sequence of Figures 3b, c, oil-poor regions (marked with red ellipses) are characterized by having a 
brighter color, as less light is absorbed and scattered by the thin oil layer compared to a thicker one, and 
wide interference fringes. At t = 0.24 s, the image shows nucleation is limited to occur in the oil-poor 
regions, and droplets coalesce with neighboring ones to create new oil-poor regions. Figure 3c presents a 
relatively larger view of a characteristic condensation process with help of the 20× objective. To obtain 
these two images, we conducted a condensation experiment to generate the non-uniform oil distribution. 
Then, condensation was halted by shutting off the supply of hot vapor and coolant circulation, and 
microdroplets in oil-poor regions were removed by evaporation or self-propulsion towards big droplets. 
Extra caution is needed to prevent evaporation of larger droplets sitting in the center of oil-rich regions. 
Then, we switched on the coolant and hot vapor in sequence. The emergence of condensation nuclei on the 
sample surface was images using the high-speed camera at 500 fps to capture the first emerging droplets. 
We see that nucleation (circled in yellow by ImageJ) is confined to the oil-poor regions. 
 
Figure 3  (a) Schematics of nucleation at the beginning of condensation and after the oil film re-distribution process 
on LIS. Subsequent generations of nucleation mainly occur in the oil-poor regions. (b) & (c) Optical imaging 
sequences of nucleation on a LIS with Krytox GPL 104 at the magnification of (b) 50× and (c) 20×. Oil-poor regions 
are marked with red ellipses in (b). Yellow circles in (c) highlight nucleated droplets.  
We can explain the preferred nucleation in the oil-poor region by combining conduction heat transfer 
analysis and classical nucleation theory. The insert of Figure 4a shows that a lower conduction resistance 
Roil of the oil film is expected in the oil-poor regions due to a thinner layer of oil. According to Fourier’s 
Law, we can consider the heat transfer in the oil film as one-dimensional conduction from the oil-vapor 
interface (temperature Tov) to the colder oil-solid interface (temperature Ts): 
𝑞ᇱᇱ = 𝑘௢௜௟ ∙ ౥்౬
 ି ౩்
ௗ౥౟ౢ
  ,                                                                    (2) 
where q’’ is the heat flux, koil the thermal conductivity of the oil, and doil the local thickness of the oil. 
Assuming a heat flux of q’’ = 100 kw/m2 and Ts = 276 K, Figure 4a shows the change of Tov with varying 
doil. We see that the temperature is up to 3.5 K lower in oil-poor regions than in oil-rich regions. In the 
following, we will theoretically examine the influence of this thickness-induced temperature difference on 
nucleation. According to the classical nucleation theory (CNT), water vapor molecules diffuse to the oil-
vapor interface and then form clusters which can grow only if their sizes exceed a critical size rc. The 
heterogeneous nucleation rate density J (#/(m2·s))  can be calculated by [32]: 
    𝐽 = 𝐽଴exp ቀ−
∆ீ
௞ ౥்౬
ቁ ,                                                                     (3) 
where J0 is a kinetic pre-exponential factor, k is the Boltzmann constant, Tov is the absolute temperature of 
the oil-vapor interface, and ΔG is the free-energy barrier corresponding to the critical nucleation radius rc: 
∆𝐺 = 𝛾ୢ୴𝐴ୢ୴ + 𝛾ୢ୭𝐴ୢ୭ − 𝛾୭୴𝜋𝑟ୡଶ − (𝑃ୢ − 𝑃୴)𝑉 .                                      (4) 
In eq. (4), Vd is the volume of the nucleus, and Ai,j are the interfacial areas between phases i and j, with the 
subscripts o, d, v, ov, do, and dv representing the oil, droplet, vapor, oil-vapor, droplet-oil, and droplet-
vapor phases, respectively. (Pd – Pv) is the Laplace pressure difference between vapor and droplet. As 
illustrated in the schematic of Figure 4a, water vapor nucleates at the oil-vapor interface and the droplet 
can be approximated as two hemispherical caps with a deformation angle α1 of the upper hemispherical cap 
and angle α2 of the lower hemispherical cap. Hence, the interfacial areas Adv, Ado, and the volume Vd can be 
described by [13,33]: 
𝐴ௗ௩ = 2 𝜋𝑅ଵଶ(1 − cos 𝛼ଵ),  𝐴ௗ௢ = 2 𝜋𝑅ଶଶ(1 − cos 𝛼ଶ)  ,                                       (5)                 
𝑉 = గோభ
య
ଷ
[2 − cos 𝛼ଵ (2 + sinଶ 𝛼ଵ)] +
గோమయ
ଷ
[2 − cos 𝛼ଶ (2 + sinଶ 𝛼ଶ)],                           (6) 
where R1 and R2 are the equilibrium radii of upper and lower curvature, respectively, and can be obtained 
through R1 sinα1 = R2 sin α2 = rc. The critical nucleation radius and the Laplace pressure difference (Pd – Pv) 
can be estimated respectively using [34]: 
𝑟௖ =
ଶఊ౥౬
(௉౬ି௉ౚ)
ୱ୧୬ ఈభ ୱ୧୬ మ
ୱ୧୬(ఈభାఈమ)
,                                                         (7) 
𝑃ୢ − 𝑃୴ =
௞ ౥்౬
௏೘,೏
ln ቀ ௉౬
௉౩౗౪
ቁ,                                                           (8) 
where Psat and Vm,d represent the saturation pressure and liquid molar volume at the saturation pressure, 
repectively.  
Since Krytox oils cloak water in our three-phase (oil-water-vapor) system, the Neumann triangle law 
collapses. To calculate the angles α1 and α2, we modified the Neumann triangle equations by replacing the 
interfacial tension γdv with a combined effective surface tension γeff [29,35]: 
cos 𝛼ଵ = cos(𝜋 − 𝜃୴) = cos 𝜃୴ =
ఊౚ౥
మ ିఊ౛౜౜
మ ିఊ౥౬మ
ଶఊ౥౬ఊ౛౜౜
 ,                                     (9-1) 
cos 𝛼ଶ = cos 𝜃୭ =
ఊ౛౜౜
మ ିఊ౥౬మ ିఊౚ౥
మ
ଶఊౚ౥ఊ౥౬
 .                                                 (9-2) 
With a measured value of θv ≈ 150° for the same material system [12], the value of γeff can be determined 
by eq. (9-1) to γeff ≈ 66 mN/m. By combining eqs. (2) and (4) – (9), we can obtain the change of the free-
energy barrier ΔG versus the oil film thickness doil (from oil-poor regions to oil-rich regions on LIS), 
corresponding to different temperatures Tov, as seen in Figure 4a. A bulk vapor temperature of Tv = 303 K 
was assumed in the calculation. We see that the energy barrier for nucleation is approximately one order of 
magnitude lower in oil-poor regions than in oil-rich regions, which confirms our hypothesis and initial 
observations that nucleation occurs predominantly in oil-poor regions.  
 
Figure 4  (a) Dependence of oil-vapor interfacial temperature Tov and free energy ΔG on the oil film thickness doil. 
The calculation is based on the assumption of Ts = 276 K, Tv = 303 K and heat flux q’’ = 100 kw/m2. The inserted 
schematic shows the thermal path through the oil film with the conduction resistance Roil. (b) Temperature distribution 
at the oil-vapor interface during condensation, obtained by the infrared imaging in top-view. The scale bar is 200 μm 
and the temperature scale is shown without calibration for a relative comparison only. Note that the temperature in the 
center of the large droplet is shown as saturated to focus on the temperature distribution of the oil. 
To experimentally validate the calculation results, we used a Telops FAST M3k infrared camera equipped 
with a 4× lens (Telops) at a resolution of 7.5 μm/pixel to measure the temperature distribution of the 
lubricant-vapor interface in top-view of a LIS sample during water condensation. Heat flows from the hot 
vapor to the cold copper block, which acts as a heat sink. As shown in Figure 4b, the surface temperature 
of the droplets are highest due to the size effect on the thermal resistance. Please note that the temperature 
in the center of the large droplet is shown as saturated to focus on the temperature distribution of the oil. 
Furthermore, note that the temperature readout has not been calibrated with respect to a blackbody radiation 
and serves for a relative comparison of interfacial temperatures only. In this scale, the “real” temperature 
of the large central droplet is approximately 285 K. The smaller the radius of a droplet, the lower its 
temperature. An obvious temperature gradient can be seen between oil-rich regions surrounding the droplets 
and oil-poor regions due to the reduction in oil film thickness, which agrees well with our calculation. 
Along with the higher temperature, oil-rich regions typically surround big droplets, and the big droplets 
will capture more water vapor molecules, lowering the chances of cluster formation in the oil-rich regions 
due to vapor depletion in the gas mixture, supporting our hypothesis and observations on preferred 
nucleation in oil-poor regions. Similarly, this kind of “nucleation-free zone” is also reported in studies on 
dropwise condensation on partial/non-wetting solid surfaces [36]. It is worthy to note that nucleation is 
likely to occur at the oil-vapor interface in oil-rich regions only when the vapor supersaturation is 
sufficiently high. However, this nucleation in oil-rich regions is expected to be short lasting, as nucleation 
releases a large amount of latent heat, leading to a fast increase in the interfacial oil-vapor temperature. 
3.2 Dynamics of oil-poor regions 
Since oil-poor regions are favored for nucleation, the area ratio of oil-poor regions to the total surface is 
expected to affect the overall nucleation rate density and thereby heat transfer performances. Previously, 
we reported that the location and area-ratio of oil-rich and oil-poor regions tend to dynamically change 
because of continuous nucleation formation, growth and departure of condensed droplets caused by external 
forces during condensation. Hence, it is essential to quantitatively investigate how the area ratio of oil-poor 
regions changes over time. Also, the lubricant viscosity significantly affects the movement of condensate 
droplets and a higher frequency and velocity of droplet movement can be achieved by choosing a low-
viscosity lubricant [12,31]. The dependence of the oil-poor regions on the lubricant viscosity is worthy of 
further examination. We conducted condensation experiments on horizontally placed samples with GPL 
102 (73 cP) and GPL 106 (1627 cP) at Ts ≈ 273 K and Tv ≈ 289 K in an open environment. Videos were 
analyzed to obtain the area of oil-poor regions at different frames using ImageJ, as shown in Figure 5a. 
Detailed information can be found in Section 2.3. The first generation of nucleating droplets is uniformly 
spread on the surface and submerges into the oil film due to the cloaking tendency of Krytox. Continuous 
growth and coalescence of droplets pulls surrounding oil towards larger droplets or droplet clusters, forming 
the oil-rich regions, corresponding to the dark areas in Figures 5b, c. In the meantime, oil-poor regions, 
that is, the bright area in the images, form due to the conservation of mass of the oil phase. The droplets 
grow faster on the LIS with low-viscosity lubricant owing to a shorter characteristic time of coalescence 
[25]. As shown in Figure 5a, the oil-poor regions emerge much faster on the LIS with Krytox GPL 102 
(lower viscosity), typically within 10 seconds of condensation, and the area of oil-poor regions quickly 
grows to 50% of the total surface, as a great amount of oil gathers around the rapidly growing droplets due 
to capillary effects. Then, this ratio gradually decreases to a quasi-steady value of about 21%, since more 
subsequent generations of nucleation occur in these oil-poor regions. For Krytox GPL 106 (higher viscosity), 
the coalescence of the initial small droplets takes significantly longer. A layer of ‘breath-figure’ water 
condensate droplets uniformly grow for nearly 40 seconds. Then, the breath-figure splits due to coalescence. 
The coalescence events will continuously create more oil-poor regions until the ratio stabilizes around 12% 
of the total surface area. Please note that these values are time-averaged, quasi-steady state values of the 
area ratio on the entire sample. The local oil-poor area might decrease to zero due to the occupancy of big 
droplets and then be renewed by cyclic sweeping events. For a solid hydrophobic surface, some studies 
reported that the droplet coverage typically reaches 60% of the total surface [36], but thin bands, i.e., the 
nucleation-free zone, occur around existing drops as a result of limited vapor diffusion in the presence of 
non-condensable gases, hindered by the larger droplets. In our control experiments on the hydrophobic 
HTMS sample, the width of this nucleation-free zone was usually around 15 - 25 µm. Therefore, the 
effective available area for nucleation on hydrophobic surfaces will comprise approximately 15% of the 
total surface. Based on these findings, we hypothesize that the (re-)nucleation rate density is higher for 
lower viscosity oils due to a) a larger area-availability for nucleation, and b) higher droplet mobility, which 
can lead to more frequency re-nucleation on the same nucleation site.  
 Figure 5  (a) Formation and time evolution of oil-poor regions on LIS infused with Krytox GPL 102 (73 cP) and 
Krytox GPL 106 (1627 cP) at Ts ≈ 273 K and Tv ≈ 289 K in an open environment, respectively. The shaded area 
represents the standard deviation of 17 individual experiments. The quasi-steady state, i.e., long-term average area 
available for nucleation is also shown at larger times and compared to that of a solid hydrophobic surface [36]. (b) 
and (c) Snapshots of oil film dynamics at t = 30 s, 60 s, 120 s, and 180 s on LIS with (b) Krytox GPL 102 and (c) 
Krytox GPL 106. 
3.3 Time evolution of nucleation rate density on LIS 
Currently, models for the theoretical calculation of heat transfer rates during dropwise condensation are 
based on an integration of the per-droplet heat transfer over the size distribution of droplets [19,37,38]. On 
LIS, the time-average condensate droplet size distribution shows no dependence on lubricant viscosity [39]. 
On the contrary, from experiments it was reported that lubricant-infused surfaces with oil of lower viscosity 
show a higher heat transfer coefficient and a larger volume of departure water droplets than those on LIS 
with higher oil viscosity [24]. We presume that the discrepancy is attributed to the dependence of the 
nucleation rate density on lubricant viscosity at the basis of the influence of lubricant viscosity on the area-
availability for nucleation, i.e., ratio of oil-poor regions. A high droplet nucleation rate density is key to 
enhancing the heat transfer rates, since nearly 75% of total heat transfer happens for droplets smaller than 
10 μm [39]. Hence, a macroscopic condensate droplet size distribution seems to be inadequate to represent 
the real nucleation and heat transfer performance on LIS. To substantiate this claim, we first examined the 
nucleation rate density during a full natural sweeping cycle.  Figure 6a shows that the nucleation rate 
density evolves with time during a sweeping cycle on a vertically placed LIS with Krytox GPL 104 at the 
temperatures Tv ≈ 304 K and Ts ≈ 275 K. Initially, the nucleation rate density increases sharply on the 
surface that was refreshed by a sweeping droplet under gravity at t = 0, as schematically shown in Figure 
6a-i. After achieving a maximum value of 1.1×109 #/m2s at t ≈ 12 s (Figure 6a-ii), the nucleation rate 
density starts to slowly decrease due to a continuous accumulation of condensate droplets, which can be 
considered as a quasi-steady state, as shown in the schematic of Figure 6a-iii. Finally, the entire area is 
swept again by a large droplet rolling down the surface due to gravity, and the cycle begins from the top. 
During quasi-steady state, local coalescence events are able to boost the nucleation rate density. At around 
t = 120 s (Figure 6a-iv), for example, as two large droplets coalesce (the smaller one gets “swallowed” by 
its bigger neighbor) an oil ring is left behind, in which the oil thickness is unevenly distributed: an oil-poor 
region in the center and an oil-rich region along the periphery of the original droplet location, which spurs 
a transient sharp increase in the nucleation rate density. Although the time-averaged distribution of droplet 
sizes on LIS follows the model developed by Rose, we observed an unceasing high nucleation rate density 
on the LIS due to the high mobility of condensate droplets. For dropwise condensation on the hydrophobic 
surface, on the contrary, the nucleation rate density was intermittent due to random coalescence events.  
 
Figure 6 (a) The nucleation rate density (NRD) changes with time on a vertically placed LIS with Krytox GPL 104 
at Tv = 305 K and Ts = 276 K (supersaturation SR = 5.3). The inserted schematics (i – iv) depict condensation dynamics 
on the LIS at different characteristic times during a condensation cycle, and are modeled after the actual videographic 
signature. (b) Dependence of nucleation rate density on lubricant viscosity at different supersaturation ratios. The 
horizontal error bars are from the fluctuation of vapor and substrate temperatures and the vertical error bars were 
determined from one standard error in the mean from experiments. 
3.4 Effects of lubricant viscosity and supersaturation ratio on the nucleation rate density  
Up to now, we have shown that nucleation mainly occurs in the oil-poor regions and that the area ratio of 
oil-poor regions can be further enhanced by lowering the lubricant viscosity. Therefore, we postulate that 
the nucleation rate density should differ for varying lubricant viscosities. To reveal the dependence of the 
nucleation rate density on lubricant viscosity, condensation experiments on LIS with Krytox GPL 102, 104, 
and 106 were conducted at a series of vapor temperatures, leading to a wide range of supersaturation ratios 
(SRs). On a vertically placed LIS, natural sweeping rates and maximum radii of droplets before being swept 
are a function of the vertical location on the substrate. To exclude the dependence of nucleation rate density 
on the substrate location, condensation experiments were conducted on horizontally placed LIS. We 
averaged the mean nucleation rate density from several full sweeping cycles at the respective experimental 
settings (for more information, see section 2.4). The graph in Figure 6b shows that the nucleation rate 
density increases with SR for all lubricant viscosities, as expected, since the energy barrier for 
heterogeneous nucleation on the oil-vapor interface decreases with SR according to the classical nucleation 
theory [40]. Importantly, we also observe that the nucleation rate density shows a strong dependence on the 
lubricant viscosity. For example, a three-fold increase in nucleation rate density can be achieved by 
lowering the lubricant viscosity from 1627 cP to 73 cP.  
We attribute the enhancement to the higher area-availability for nucleation and higher mobility of 
condensate droplets on LIS with lower lubricant viscosity (GPL 102). The total area of oil-poor regions, 
i.e., preferable area for nucleation, is double on LIS with GPL 102 than on GPL 106 (see section 3.2). 
During condensation, we noticed condensate droplets of all sizes are ‘dancing’ on LIS with low-viscosity 
oil (GPL 102) and the high mobility has two distinct effects on the nucleation rate density. First, the frequent 
movements can effectively and continuously sweep the occupying droplets and leave fresh oil-poor regions 
behind their trajectories (compare to the schematic in Figure 6a-iv). Second, the movement can disturb the 
diffusion layer of the non-condensable gas nearby the lubricant-vapor interface [41]. In the following, we 
will separately discuss these two contributions.  
As shown in Figure 7a, condensate droplets (outlined by dashed cyan circles) typically move long distances 
along the dashed lines and leave behind a large area of oil-poor regions (highlighted by red ellipses), as 
shown here at intervals of ≈ 0.7 s on LIS with GPL 102. Subsequently, a high density of nucleation is 
observed. Before gravity comes into play, the microdroplets continuously sweep the condensed droplets, 
which frequently exposes the colder area—previously occupied by the big droplets—to hot vapor, 
effectively contributing to more nucleation. For LIS with GPL 106, on the contrary, the movement velocity 
is lower and the travel distances of moving droplets are much shorter, reducing the effective re-nucleation 
rate density. 
  
Figure 7 Image sequences of condensation on LIS with (a) Krytox GPL 102 and (b) Krytox GPL 106 at Tv = 315 K 
and Ts = 276 K. The initial times t0 = 59.2 s and t1 = 45.2 s represent the starting point of the 6th sweeping cycle. 
Cyan color arrow lines indicate the movement and direction of droplets highlighted by cyan dash circles and the red 
ellipses represent the oil-poor regions with re-nucleation. 
In addition to directly clearing nucleation sites, rapid and frequent movement of droplets can potentially 
disturb the diffusion boundary layer of the non-condensable gas, which facilitates the diffusion of vapor to 
the oil-vapor interface. The non-condensable N2 acts as carrier for water vapor to the environmental 
chamber in our experiments. During condensation, a thin non-condensable layer can build up near the oil-
vapor interface and encompass the droplets. The accumulation of non-condensable gas not only hinders 
diffusion of water vapor molecules from the bulk gas-vapor mixture to the condensing surface, but also 
leads to a reduction in partial pressure of the vapor at the oil-vapor interface, leading to a decrease in 
saturation temperature. Overall, the nucleation rate density is restricted by the significant diffusion 
resistance of the non-condensable gas-vapor boundary layer for the oils of all viscosities [42,43].  
To further support the hypothesis that the frequent and fast movement can disturb the diffusion layer, we 
approximate the thickness of this layer using a scaling analysis based on natural convection. Here, we treat 
the mixture of water vapor and N2 as air (ideal gas) in the analysis, and assume that the non-condensable 
gas boundary layer thickness is on the same order as the vapor concentration boundary layer thickness δc. 
The transport of water molecules is dominated by diffusion rather than convection if the Peclet number PeC 
= Uδc/D < 1, where U is the velocity of the gas mixtures and D is the mass diffusion coefficient. Provided 
that the gas velocity is considered as parabolic near the sample surface, the boundary layer thickness σc can 
be estimated by letting PeC =1 [44]: 
𝛿ୡ ~ ቈ
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   ,                                                              (10) 
where ΔT = Tov – Ts, β is the volume thermal expansion coefficient of air, g is the gravitational acceleration, 
and the hydrodynamic boundary layer thickness 𝛿 ~ 𝐿 ∙ 𝐺𝑟ିଵ/ହ =  𝐿 ∙ ቀ௚ఉ∆்௅
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, where Gr is the 
Grashof number, L is the characteristic length of the sample, L ≈ 25 mm, and υ is the kinematic viscosity. 
Approximating the mixture as air, we use υ ≈ 1.6 × 10-5 m2/s, ΔT = 40 K, and  β = 3.43× 10-3 / K. These 
values give Gr ≈ 81,000 and δ ≈ 2.6 mm with the water vapor diffusion coefficient D = 2.42× 10-5 m2/s at 
atmospheric pressure and room temperature. Hence, at ΔT = 40 K, one finds δc ≈ 0.88 mm, which is on the 
same order as the size of the larger droplets. Therefore, the fast movement of big condensate droplets inside 
the diffusion layer is expected to disturb the diffusion layer of water vapor and enhance convective vapor 
transport to the oil-vapor interface.  
4 Conclusions  
In this work, we showed that nucleation is limited to the oil-poor regions and highly dependent on the 
lubricant viscosity. Using a 1D thermal conduction model through the oil film, we showed that the 
temperature at the oil-vapor interface is lower in the oil-poor regions than the oil-rich regions, which was 
also confirmed infrared imaging. Based on Gibbs’ thermodynamics analysis, even a small temperature 
difference can significantly affect nucleation because of an exponential temperature dependence of the 
nucleation barrier energy. We also found that the area ratio of oil-poor regions dynamically changes with 
time. By lowering the lubricant viscosity from 1627 to 73 cP, we observed that the average area ratio of 
oil-poor regions increases from 12% to 21%. Then, we experimentally examined the dependence of the 
nucleation rate density on lubricant viscosity at a broad range of supersaturation ratios. The results showed 
the nucleation rate density is proportional to the supersaturation ratios, in agreement with the classical 
nucleation theory. At a given supersaturation ratio, higher nucleation rate densities could be achieved by 
lowering the lubricant viscosity. This increase can be attributed to a) a larger area available for re-nucleation, 
and b) a higher frequency and speed of condensate droplets of all sizes on LIS with lower viscosity Krytox 
oils. Microscale droplets spontaneously move towards relatively bigger droplets, that is, oil-rich regions. 
The robust movement can efficiently refresh the surface by sweeping all of droplets in the trajectories of 
the moving droplets and then leave an empty oil-poor region behind for new nucleation. At the same time, 
using scale analysis we argue that the movement can also disturb the non-condensable gas / vapor diffusion 
boundary layer and thereby enhance the nucleation rate density. The majority of nucleation rate density 
values reported in previous experimental studies were measured at the beginning of the condensation, 
whereas we demonstrate the importance of the re-nucleation rate density spanning a complete sweeping 
cycle. These findings could be helpful to comprehensively understand the interplay of the lubricant film 
and nucleation, and to enhance nucleation rate density and heat transfer performance by tailoring the 
lubricant viscosity.  
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